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Abstract
Global competition for high standard feed-food resources between man and livestock, such
as industrial broilers, is a concerning problem. In addition, the low productivity of scavenger
chickens in developing countries leaves much to be desired. Changing the ingredients, and
therefore, the nutrient composition of feed intake by commercial fed as well as scavenger
chickens seems like an obvious solution. In this study, the ability of four broiler chicken
breeds to perform on a commercial versus a scavenger diet was tested. The four broiler
breeds differed genetically in growth potential. A significant (P < 0.01) negative effect of the
scavenger diet on the bodyweight of the fast growing breeds was found and this effect de-
creased with decreasing growth rate in the other breeds. These differences in bodyweight
gain could not be explained by differences in nutrient digestibility but were caused by the
lack of ability of the fast growing breeds to increase their feed intake sufficiently.
Introduction
The feeding of industrial broiler chickens is often criticized because of the extensive use of feed
sources which are neither socially nor ecologically sustainable [1–4]. The diet of intensively-
raised broilers consists mainly of maize, soy and wheat [5–7], ingredients that could also be
used directly in the human diet [8]. Ravindran [9] and Farrell [10] proposed alternative ingre-
dients, less sought after in the human diet, that could be used in the chickens’ diet.
The low productivity of scavenger chickens in developing countries is often blamed on the
lack of concentrated diets [10,11]. The diet of scavenger chickens contain, for example, crude
fiber levels up to more than 100g/kg dry matter [12]. While Jørgensen et al. [13] reported that
broilers (by fermentation of three different non-starch polysaccharide (NSP) rich substrates:
pea fibre, wheat bran and oat bran) extract a maximum of 42kJ/d, representing only 3 to 4% of
the daily metabolisable energy intake, hereby confirming the widely accepted idea about the
low energetic value of NSP-rich diets for poultry [14].
Solving the problems for both the industrial and the rural chickens is especially interesting
since chickens are a widespread food source around the globe. The United Nation’s Food and
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Agriculture Organisation (FAO) estimated that there were nearly 22 billion living chickens in
2012 [15]. This is the equivalent of more than three chickens per person. Moreover, in develop-
ing countries, chickens are often the main source of animal protein through their meat and
eggs and most of these chickens stem from indigenous, slow growing, breeds [16,17].
In this study four different chicken breeds, with growth rates between 30 and 60g/d, were
used to plot a range in growth rate between the slow growing scavenger chicken on one side
and the fast growing industrial broiler chicken. Two diets were used to feed these chickens, one
was a commercial industrial diet while the other was based on reported scavenger diets [12,18–
20]. The average daily gain, average daily feed intake, feed conversion ratio and the length of
the tarsometatarsus were registered for all breeds on each of the diets. The aim of this study
was to monitor the effect of the scavenger diet in relation to breed-specific growth rate.
Materials and Methods
Animals and housing
The experiment was carried out according to the guidelines of the Ethics Committee of Ghent
University (Belgium) for the humane care and use of animals in research. According to the De-
cree of May 29th 2013, no explicit approval of the Ethical Committee is needed. The animals
are only fed two different diets (none of both is toxic) and no invasive procedures are applied
to the chickens. National regulations allowed to run this type of trial without particular per
case agreement by the Ethical Committee, as long as no pain or suffering is induced during the
trial, as is the case here. From each pen, one animal was sacrificed (injection IV of 1ml sodium
pentobarbital, Release) in order to collect data for other researchers working on a different re-
search topic in the idea of reducing the number of experimental animals. Again, if no pain or
suffering was induced during the trial, regulations allowed to euthanize experimental birds pre-
ceding sampling, hence adhering to Belgian regulations on animal welfare. The researcher in
charge was a veterinarian who completed the course on “Laboratory Animal Science” to obtain
the degree C within the FELASA regulations, and is therefore authorised to handle and sacrifice
animals. The complete trial took place at Ghent University (site Melle). After the end of the ex-
periment, the remaining chickens were given to and taken home by the students who helped
during the trial.
Four different broiler breeds were selected based on their commercial growth rate from
hatching weight to slaughter weight (hereafter referred to as breed-specific growth rate): Cobb
500 (60 g/d) [21], Cobb-Sasso 175 (46g/d) [22], Sasso (XL44 × SA₅₁(A)) (38g/d) [23] and Sus-
sex (Sussex × SA₅₁(A)) (30g/d) [24]. A total of 240 one day old male chicks, sixty from each
breed, were obtained from the same hatchery (‘t Gulden Ei, Kruishoutem, Belgium). From
each breed, 15 chicks were randomly assigned to 4 pens littered with wood shavings. Each pen
contained 15 animals and breeds were not mixed. During the first week, 23 hours of light were
provided per day and from day 8 the light period was reduced to 18 hours per day. At hatching
all chicks were vaccinated against Newcastle disease (NCD) (Nobilis, NDC2), infectious bron-
chitis (Nobilis, IB MA5) and Marek’s disease (Fort Dodge, Poulvac Marek HVT). Four day old
chicks were vaccinated against coccidiosis (Intervet, Paracox-5). At 19 days the NCD (Nobilis,
ND Clone 30) vaccination was repeated and a vaccination against Gumboro (Nobilis, Gum-
boro D78) disease was performed at 22 and 25 days.
Diets and Treatments
From hatching day (day 0), two pens of each breed were fed the commercial diet and two pens
from each breed were fed the scavenger diet. A representative sample from eight randomly
chosen feed bags of each diet was taken and pooled for both diets. Both samples were analysed
Selection for Growth in Broiler Chickens Decreases Diet Flexibility
PLOS ONE | DOI:10.1371/journal.pone.0127819 June 4, 2015 2 / 13
Competing Interests: The authors would like to
stress that no competing interests exist between
authors and/or companies. Cobb Europe and
Versele-Laga provided the experiment with chicks
and feed respectively, but this does not alter their
adherence to PLOS ONE policies on sharing data
and materials.
in duplicate for nutritional values Table 1. The commercial diet (Fini Pur Croc, Versele-Laga,
Deinze, Belgium) was mainly composed of wheat and soybean meal and it contained two en-
zymes: 6-phytase and E1617-Endo-1,4-β-xylanase. This diet was ground into flour and 10 g/kg
of Celite (VWR International, Leuven, Belgium) was added as source of acid insoluble ash
(AIA) in order to determine diet digestibility [25]. The second diet was based on reported scav-
enger diets [12,18–20] and contained 930 g/kg Austru 2 Growth (Versele-Laga, Deinze, Bel-
gium), 40g/kg dried mealworms (Tenebrio molitor), 20g/kg dried lucerne and 10g/kg Celite. All
components were ground into flour and mixed until a homogenous feed was acquired. The
Austru 2 Growth was mainly composed of wheat, sunflower meal and corn and contained no
additional enzymes. To accustom the animals to the scavenger diet, groups fed this diet re-
ceived a mixture of one third scavenger diet and two thirds commercial diet from day 0 to 5,
two thirds scavenger diet and one third commercial diet from day 6 to 10, and from day 11 on-
wards only the scavenger diet was offered. Drinking water was provided ad libitum in
drinking cups.
Measurements and sampling
Starting from day 0, the chickens were weighed weekly until day 36 and the average bodyweight
per pen was calculated. Average daily gain (ADG), average daily feed intake (ADFI) and feed
conversion ratio (FCR) were calculated over the period of 36 days and were corrected for body-
weight at hatching and mortality during the trial. To collect excreta for the digestibility trials, a
container (1cm × 40cm × 1m) with a grid was placed in each pen weekly, from the second
week on. After four hours the excreta were collected from the container and stored in a freezer
(-20°C). On day 36, the length of the tarsometatarsus of each bird was measured by flexing the
leg and registering the distance between the medial condyle of the fibula and the trochlea for
metatarsus III. The average was calculated per pen and the ratio of bodyweight to tarsometatar-
sus length was calculated as in Deeb and Lamont [26]. Each week the consistency of the litter
was observed by the same person.
Analysis
Both diets were analysed for dry matter (DM), ash, acid insoluble ash (AIA), crude fat (EE),
crude fiber (CF), neutral detergent fiber (NDF), acid detergent fiber (ADF) and crude protein
(CP) Table 1. The DM and ash content were determined by drying the feed to a constant
weight at 103°C and combustion at 550°C, respectively. The AIA content was determined
using the procedure of Van Keulen and Young [27], as adapted by Atkinson et al. [28].
The diethyl ether extract was analyzed with the Soxhlet method (ISO, 1973). Crude fiber was
Table 1. Nutrient and energy concentration of both test diets: commercial and scavenger diet.
Commercial diet Scavenger diet
Dry matter (g/kg) 902 911
Crude protein (g/kg) 215 187
Ether extract (g/kg) 81 47
Crude fibre (g/kg) 40 143
Acid detergent fibre (g/kg) 13 18
Neutral detergent fibre (g/kg) 67 68
Ash (g/kg) 62 79
Acid-insoluble ash (g/kg) 15 15
Metabolisable energy (MJ/kg) 15 10
doi:10.1371/journal.pone.0127819.t001
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determined using the Association of Official Analytical methods (Method 962.09 and 985.29,
1995). To determine NDF and ADF, the methods of Van Soest et al. [29] were used. The Kjel-
dahl method (ISO 5983–1, 2005) was used to determine CP (6.25 x N). Excreta were freeze-
dried at -50°C (Coolsafe, Labogene, Denmark) and homogenized. In the excreta, EE, CF, Ash
and AIA were analysed as described above. The CP content (6.25 x N) (Kjeldahl method (ISO
5983–1,2005)) in the excreta of birds needed correction for uric acid (UA) as birds excrete fae-
ces and urine together [30] (Eq (1)). This was performed spectrophotometrically according to
Terpstra and de Hart [31]. The external marker method with AIA as external marker was used
to calculate apparent fecal digestibility as performed by Sales and Janssens [32,33] (Eq (2),
AFDCE, with x = EE, CF and CP). Based on the EE, CF and ash percentage of DM, ME was cal-
culated according to Wiseman [34] (Eq (3)).
Calculations
CP ¼ ðNtotal  NUAÞ  6:25 ð1Þ




MEðMJÞ ¼ ð3951þ 54:4 EE  88:7 CF  40:8 AshÞ  0:92 0:004184 ð3Þ
Statistical analysis
Statistical analyses were performed using RStudio (Version 0.98.507, RStudio Inc, 2009) and
statistical significance was set at P< 0.05. For all analyses pens were considered as the experi-
mental unit and non-parametric statistics was performed for data analysis as normality of data
could not be verified in the current trial set up. Both weekly bird weight (week 0 to 5) and di-
gestibility of nutrients (week 2 to 5) were subjected to longitudinal non parametric analysis
using the f2.ld.f1() function of the nparLD package with diet and breed as the whole-plot
factors and time as the sub-plot factor. Decisions on significance were made based on the
ANOVA type test statistics provided by the latter function [35]. To identify the effect of time, a
pairwise comparison was done between the different time points by means of the mctp.rm()
function of the nparcomp package. To estimate the effect of breed-specific growth rate and diet
on average daily feed intake (ADFI), average daily gain (ADG), feed conversion ratio (FCR)
and the tarsometatarsus length a linear permutation regression with 5000 replicates (lmp() of
the lmPerm package) was performed. Each of the 16 pens was randomly assigned to one of the
two diets. To differentiate the effect of diet and of breed-specific growth rate, the null hypothe-
sis of no effect was used. The alternative hypothesis is that there is an effect of diet and breed-
specific growth rate on the parameters [36,37]. The maximum number of performed permuta-
tions was set at 5000 because of a total of 16! possible permutations for this data set. To exclude
the possible error by only taking 5000 permutations the test was performed a thousand times
with each time another set of 5000 random permutations. From these thousand permutation
tests the maximum P-value was selected and represented together with the corresponding esti-
mates of the linear regression which is presented as:
y ¼ mþ ai þ bj þ abij þ εij
(with μ = intercept, α = breed-specific growth rate, β = diet, αβ = interaction growth rate × diet
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and ε = the random error term). The commercial diet was considered as the reference in this
regression. Statistical significance was set at P< 0.05 and results were reported as
mean ± standard deviation.
Results
Growth performance
A higher bodyweight was found with increasing time, increasing breed-specific growth rate
and for consumption of the commercial diet (Fig 1). For both diets, Cobb chickens achieved
the highest bodyweight, each week. Sussex chickens always had the lowest bodyweight com-
pared to the breeds with a higher breed-specific growth rate, but there was no significant effect
resulting from diet on the bodyweight of Sussex chickens. Longitudinal analysis indicated a sig-
nificant interaction of the factors breed, diet and time (P< 0.001) on the bodyweight.
The linear regression of ADG was determined by breed-specific growth rate (P< 0.001),
diet (P< 0.01) and the interaction of both factors (P< 0.01) Table 2 (Fig 2). The coefficient for
the diet × breed-specific growth rate interaction was -0.39. This means that, compared to a
commercial diet, the ADG of the chickens on a scavenger diet decreased with 0.39g/d when the
growth rate increased with 1g/d.
Fig 1. Bodyweight (± standard deviation) of four chicken breeds, each with its breed-specific growth rate, fed either a commercial or a scavenger
diet.
doi:10.1371/journal.pone.0127819.g001
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Feed intake
The ADFI was significantly higher for the scavenger diet (P< 0.001) and with increasing
breed-specific growth rate (P< 0.001). No significant interaction between breed-specific
growth rate and diet on the ADFI was found (P> 0.05) Table 2 (Fig 3).
Feed conversion
No significant interaction between breed-specific growth rate and diet on the FCR was found
(P = 1). The scavenger diet significantly increased the FCR (P< 0.001) and a higher growth
rate decreased the FCR (P< 0.001) Table 2 (Fig 4).
Table 2. The linear regression between both factors (BS growth rate and diet) and ADG, ADFI, FCR, TMT and BW/ TMT.
Intercept BS growth rate Diet BS growth rate × Diet R2 P
ADG 30.4 *** 0.85 *** -4.4 ** -0.39 ** 0.97 ***
ADFI 71.3*** 1.3 *** 14.5*** -0.33 0.97 ***
FCR 2.5 *** -0.03 *** 0.81 *** -0.01 0.88 ***
TMT 8.3 *** 0.05 *** -0.56 ** -0.03 0.82 ***
BW/TMT 140.5 *** 3.1 *** -8.7 -1.0 0.91 ***
Coefficients of the linear regression of broiler chickens differing in breed-specific growth rate fed a commercial versus a scavenger diet correlated to the
average daily gain (ADG), average daily feed intake (ADFI), feed conversion ratio (FCR), length of tarsometatarsus (TMT) and the ratio between the
bodyweight and the length of the tarsometatarsus (BW/TMT). The factors in the equation are breed-specific (BS) growth rate and diet. The commercial
diet was considered as the reference. The BS growth rates for each of the breeds used in this experiment are: 60g/ d for Cobb, 46g/ d for CobbSasso,
38g/ d for Sasso and 30g/ d for Sussex. R2 and the P-value of the linear regression models are given in the right colomns.





Fig 2. The average daily gain (± standard deviation) of chickens fed the scavenger or the commercial
diet in relation to their breed-specific (BS) growth rates. BS growth rates: 60g/ d (Cobb), 46g/ d
(CobbSasso), 38g/ d (Sasso) and 30g/ d (Sussex).
doi:10.1371/journal.pone.0127819.g002
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Tarsometatarsus length
The length of the tarsometatarsus increased significantly with increasing breed-specific growth
rate (P< 0.001) and when fed the commercial diet (P< 0.01). No interaction between the fac-
tors, diet and breed-specific growth rate, was detected. The results of the linear regression for
the ratio of the bodyweight/ tarsometatarsus length were determined by the breed-specific
growth rate only (P< 0.001) Table 2 (Figs 5 and 6).
Digestibility
The digestibility coefficients of EE and CP were lower on the scavenger diet compared with the
commercial diet (P< 0.001 and P = 0.004 respectively). The EE digestibility of the commercial
Fig 3. The average daily feed intake (± standard deviation) of chickens fed the scavenger or the
commercial diet in function of their breed-specific (BS) growth rates. BS growth rates: 60g/ d (Cobb),
46g/ d (CobbSasso), 38g/ d (Sasso) and 30g/ d (Sussex).
doi:10.1371/journal.pone.0127819.g003
Fig 4. The feed conversion ratio (± standard deviation) of chickens fed the scavenger or the
commercial diet in function of their breed-specific (BS) growth rates. BS growth rates: 60g/ d (Cobb),
46g/ d (CobbSasso), 38g/ d (Sasso) and 30g/ d (Sussex).
doi:10.1371/journal.pone.0127819.g004
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diet was 92% ± 3% and 82% ± 5% for the scavenger diet. The CP digestibility of the commercial
diet was 51% ± 10% and 25% ± 22% for the scavenger diet. There was no significant difference
(P> 0.05) found between the four breeds according to the digestibility of CF, EE and CP.
Litter
The litter was observed to be more humid and sticky with increasing breed-specific growth rate
and when the birds were fed the scavenger diet (pers. Obs. JP).
Fig 5. The length of the tarsometatarsus (± standard deviation) of chickens fed the scavenger or the
commercial diet in function of their breed-specific (BS) growth rates. BS growth rates: 60g/ d (Cobb),
46g/ d (CobbSasso), 38g/ d (Sasso) and 30g/ d (Sussex).
doi:10.1371/journal.pone.0127819.g005
Fig 6. The ratio of bodyweight/ tarsometatarsus length (± standard deviation) of chickens fed the
scavenger or the commercial diet in function of their breed-specific (BS) growth rates. BS growth
rates: 60g/ d (Cobb), 46g/ d (CobbSasso), 38g/ d (Sasso) and 30g/ d (Sussex).
doi:10.1371/journal.pone.0127819.g006
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Discussion
All breeds increased their ADFI when fed the scavenger diet. The two slowest growing breeds
in this study, Sasso and Sussex, increased their feed intake by 40 and 30% respectively and
therefore managed to achieve the same bodyweights as on the commercial diet. The bodyweight
of Sussex was even slightly, but not significantly, higher when fed the scavenger diet. The fastest
growing breeds, Cobb and CobbSasso, consistently achieved the highest bodyweights compared
to the slower growing breeds. Yet, based on the FCR, they should have increased their feed intake
by 45 and 40% respectively, in order to achieve the same bodyweights on the scavenger diet as on
the commercial diet, which they were not capable of doing. This in contradiction to an experi-
ment by Leeson et al. [38] where broilers of a commercial strain increased their feed intake suffi-
ciently as the energy content of the feed decreased. These broilers did manage to maintain their
bodyweight over an energy difference of 2.5 MJ. This contrast might be explained by the use of an
“older” commercial broiler breed (which was not specified) or by the fact that the energy differ-
ence between the diets was lower than in our study, where it was 5.0 MJ/ kg. Olomu and Offiong
[39] found no significant effect on either feed intake or weight gain for starting broilers fed diets
with an energy difference of 1.7 MJ. This in contrast to the study by Harms et al. [40] where a sig-
nificant effect (P< 0.05) of breed, diet and breed × diet interaction was found concerning both
weight gain and feed intake. No rating for the growth rates of the different chicken breeds was
made in this study. Equally so, Leeson et al. [41] noted an increase in feed intake as well as feed in-
take to bodyweight gain ratio of broilers when the energy and protein level in the feed were dilut-
ed. The chickens’ bodyweight was significantly affected on day 42 but not on day 49.
The effects of the scavenger diet on bodyweight seen in our study are in line with Havenstein
et al. [42] and Grashorn [43]. In the first study, the effect of diet on the bodyweights of two
chicken breeds, Ross 308 and Athens-Canadian Randombred, was measured. The diets were
an industrial diet from 1957 and one from 2001, the latter one being higher in protein, fat and
energy. For the Ross 308 breed a difference in bodyweight of 18.9 and 21.8% for females and
males respectively was found and for the Athens-Canadian Randombred breed a difference of
5.4 to 7.8% for females and males respectively was found. The highest weights were always ob-
tained for the 2001 industrial diet, but the differences with the 1957 industrial diet were smaller
for the “older” breed. Grashorn [43] found a difference in bodyweight of 8–14% for slow grow-
ing broilers, whereas for the fast growing broilers a difference of 25% between diets with a high
and low nutrient concentration was seen. Both studies support the association between breed-
specific growth rate and the difference in bodyweight when fed a less concentrated diet. None
of those two studies monitored the digestibility of nutrients or the feed intake of the chickens.
The stable digestibility of EE and CP throughout time is in line with the results by Batal and
Parsons [44]. In that study, an increasing digestibility of EE and CP was found up to the age of
14 and 10 days respectively. Later the digestibility coefficients reached a plateau. These results
can be explained by the development of the small intestine, digestive enzymes and villus mor-
phology between hatching and 6 to 14 days of age [45–48]. In addition, the results of Jackson
and Diamond [49] and of Proudman et al. [50] present equal (both 67%) apparent dry-matter
digestibility for both jungle fowls and broilers for similar diets. This in contradiction with Krás
et al. [51] who found a significant, but “not biologically coherent” effect of age on the digestibil-
ity of DM, OM, CP, NDF, ADF and gross energy between the age of 10 and 41 days. The same
study also showed a higher ADF-digestibility for the Label Rouge breed compared to the
Cobb500 at the age of 31 and 41 days.
In our study, the lower rate of fat and protein digestibility in the scavenger diet compared to
the commercial diet could be explained by the high amount of NSP and the lack of added en-
zymes to break them down. The lack of enzymes enables the fibres to enclose the nutrients and
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keep them from enzyme break-down with their “cage-effect” [13,52]. The high CF content in
the scavenger diet might also state the decrease in manure quality and increase in quantity, due
to the water holding capacity of the fibres [53–55]. The higher quantity of excreta in the pens
where the birds were fed the scavenger diet might also be caused by the higher feed intake.
Though not significant, the effect of the scavenger diet on the tarsometatarsus length was
higher with increasing breed-specific growth rate. This length was slightly, but significantly,
higher for chickens with a higher breed-specific growth rate (P> 0.001) or when fed the com-
mercial diet (P< 0.01). The ratio of bodyweight and a skeletal measurement, represented here
as the length of the tarsometatarsus, can be considered as an indicator for the conformation of
the body [26]. The higher this ratio, the more weight per skeletal unit. A slightly, but not signif-
icantly, higher ratio of bodyweight/ tarsometatarsus length was found for the slow growing
breeds on the scavenger diet compared to the commercial diet. This in contrast with Cobb and
CobbSasso where this ratio was higher for the commercially fed chickens. The share of muscle,
fat and digestive tract in the bodyweight was not determined.
An increasing FCR is generally considered an economic disadvantage but if the scavenger
diet can be obtained at much lower cost than the commercial diets, this perspective might
change. For example, in a rural situation, where a scavenger diet can (partially) be found in the
environment and is available at libitum, our results suggest that scavenging chickens might
achieve the same bodyweights as when they were fed a commercial diet. Still, factors such as
disease, water availability and housing must be controlled [56,57]. In addition, chickens that
are able to find (a share of) their feed in nature will minimize the competition between humans
and livestock for feed/food resources. However, the results of this experiment also indicate that
industrial broiler breeds will not be able to increase their feed intake sufficiently in order to
achieve the same bodyweight on a diet with lower energy and nutrient density (such as the
scavenger diet in the present study) as they would do on a current commercial diet.
Conclusion
The advantage of selecting fast growing broiler chickens on concentrated diets decreases rapid-
ly when less concentrated diets are given. This urges us to reconsider the current selection crite-
ria when considering increasing the amounts of by-products in poultry feed as driven by the
feed-food competition. For slow growing chicken breeds—such as the ones used by smallhold-
ers in developing countries—the added value of using a concentrated diet versus a typical scav-
enger diet is low. These differences in growth performance are caused more commonly by
differences in feed intake than by differences in digestibility.
Supporting Information
S1 Data. Dataset per pen per week.
(XLSX)
Acknowledgments
The authors gratefully acknowledge the professional and technical assistance of Dr. Abdollah
Akbarian, Tessa Van Der Eecken and Herman De Rycke. The chickens were provided by Wout
van Wolfswinkel of Cobb Europe and the feeds were provided by Versele-Laga. No competing
interests exist. The authors sincerely thank both companies for their cooperation. Vanessa de
Villiers is thanked by the authors for the punctual proofreading.
Selection for Growth in Broiler Chickens Decreases Diet Flexibility
PLOS ONE | DOI:10.1371/journal.pone.0127819 June 4, 2015 10 / 13
Author Contributions
Conceived and designed the experiments: JP FC GPJJ AC. Performed the experiments: JP. Ana-
lyzed the data: JP AC JM FC GPJJ. Contributed reagents/materials/analysis tools: SDS DF.
Wrote the paper: JP FC AC GPJJ.
References
1. Wilkinson JM. Re-defining efficiency of feed use by livestock. Animal. 2011; 5: 1014–1022. doi: 10.
1017/S175173111100005X PMID: 22440097
2. Erb K, Mayer A, Kastner T, Sallet K, Haberl H. The Impact of Industrial Grain Fed Livestock Production
on Food Security: an extended literature review Final report Main Messages. 2012; 1–83.
3. Delgado C, Rosegrant M, Steinfeld H, Ehui S, Courbois C. Livestock to 2020: the next food revolution.
Outlook Agric. 2001; 30: 27–29. doi: 10.5367/000000001101293427
4. Barona E, Ramankutty N, Hyman G, Coomes OT. The role of pasture and soybean in deforestation of
the Brazilian Amazon. Environ Res Lett. 2010; 5: 024002. doi: 10.1088/1748-9326/5/2/024002
5. Min YN, Wang Z, Coto C, Yan F, Cerrate S, Liu FZ, et al. Evaluation of canola meal from biodiesel pro-
duction as a feed ingredient for broilers. Int J Poult Sci. 2011; 10: 782–785. doi: 10.3923/ijps.2011.782.
785
6. Van der Hoeven-Hangoor E, van der Vossen JMBM, Schuren FHJ, Verstegen MWA, de Oliveira JE,
Montijn RC, et al. Ileal microbiota composition of broilers fed various commercial diet compositions.
Poult Sci. 2013; 92: 2713–23. doi: 10.3382/ps.2013-03017 PMID: 24046419
7. Yegani M, Korver DR. Effects of corn source and exogenous enzymes on growth performance and nu-
trient digestibility in broiler chickens. Poult Sci. 2013; 92: 1208–20. doi: 10.3382/ps.2012-02390 PMID:
23571330
8. Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, Johnston M, et al. Solutions for a culti-
vated planet. Nature. 2011; 478: 337–342. doi: 10.1038/nature10452 PMID: 21993620
9. Ravindran V. Poultry feed availability and nutrition in developing countries. Alternative feedstuffs for
use in poultry feed formulations. 2011. Available: http://www.fao.org/docrep/013/al706e/al706e00.pdf
10. Farrell DJ. Matching poultry production with available feed resources: issues and constraints. Worlds
Poult Sci J. 2005; 61: 298–307.
11. Badubi SS, Rakereng M. Morphological characteristics and feed resources available for indigenous
chickens in Botswana. Livest Res Rural Dev. 2006; 18.
12. Dessie T, Ogle B. Village poultry production systems in the central highlands of Ethiopia. Trop Anim
Health Prod. 2001; 33: 521–537. PMID: 11770206
13. Jørgensen H, Zhao XQ, Knudsen KE, Eggum BO. The influence of dietary fibre source and level on the
development of the gastrointestinal tract, digestibility and energy metabolism in broiler chickens. Br J
Nutr. 1996; 75: 379–395. doi: 10.1079/BJN19960141 PMID: 8785212
14. Moran ET. Anatomy, microbes, and fiber: Small versus large intestine. J Appl Poult Res. 2006; 15:
154–160.
15. FAOSTAT. 2014. Available: http://faostat3.fao.org/faostat-gateway/go/to/download/Q/QA/E. Accessed
01 April 2014.
16. Neumann C, Harris DM, Rogers LM. Contribution of animal source foods in improving diet quality and
function in children in the developing world. Nutr Res. 2002; 22: 193–220.
17. Sonaiya EB. Family poultry, food security and the impact of HPAI. Worlds Poult Sci J. 2007; 63: 132–
138.
18. Goromela EH, Kwakkel RP, Verstegen MWA, Katule AM. Effect of season and farming system on the
quantity and nutritional quality of scavengeable feed resources and performance of village poultry in
central Tanzania. 2008; 2: 63–71. doi: 10.3171/PED/2008/2/7/063 PMID: 18590398
19. Mekonnen H, Mulatu D, Kelay B, Berhan T. Assessment of the nutritional status of indigenous scaveng-
ing chickens in Ada’a district, Ethiopia. Trop Anim Health Prod. 2009; 42: 123–130. doi: 10.1007/
s11250-009-9395-7 PMID: 19554467
20. Momoh O, Egahi J, Ogwuche P, Etim V. Variation in nutrient composition of crop contents of scaveng-
ing local chickens in North Central Nigeria. Agric Biol J North Am. 2010; 1: 912–915. doi: 10.5251/
abjna.2010.1.5.912.915
21. Cobb-Vantress. Broiler performance and nutrition supplement.2012 Available: http://67.43.0.82/docs/
default-source/cobb-500-guides/cobb500-broiler-performance-nutrition-supplement-(english).pdf?
Selection for Growth in Broiler Chickens Decreases Diet Flexibility
PLOS ONE | DOI:10.1371/journal.pone.0127819 June 4, 2015 11 / 13
sfvrsn=8b500-broiler-performance-nutrition-supplement-(english).pdf?Status=Temp&sfvrsn=4. Ac-
cessed 01 June 2014.
22. Sasso. Cobb-Sasso. 2010. Available: http://www.sasso.fr/coloured-chickens.php?ref_coq = COBB-
SASSO&lg = en
23. Sasso. Sasso. 2010. Available: http://www.sasso.fr/coloured-chickens.php?ref_coq = XL44&lg = en
24. Sasso. Sussex. 2010; Available: http://www.sasso.fr/coloured-chickens.php?lg = en&ref_coq =
SUSSEX
25. Scott TA, Hall JW. Using acid insoluble ash marker ratios (diet:digesta) to predict digestibility of wheat
and barley metabolizable energy and nitrogen retention in broiler chicks. Poult Sci. 1998; 77: 674–679.
PMID: 9603354
26. Deeb N, Lamont SJ. Genetic architecture of growth and body composition in unique chicken popula-
tions. J Hered. 1998; 93: 107–118.
27. Van Keulen J, Young BA. Evaluation of acid-insoluable ash as a nutral marker in ruminant digestibility
studies. J Anim Sci. 1977; 44: 282–287.
28. Atkinson JL, Hilton JW, Slinger SJ. Evaluation of acid-insoluble ash as an indicator of feed digestibility
in rainbow trout (Salmo gairdneri). Can J Fish Aquat Sci. 1984; 41: 1384–1386.
29. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent fiber, and non-
starch polysaccharides in relation to animal nutrition. J Dairy Sci. Elsevier; 1991; 74: 3583–3597. doi:
10.3168/jds.S0022-0302(91)78551-2 PMID: 1660498
30. Kalmar ID, Werquin G, Janssens GPJ. Apparent nutrient digestibility and excreta quality in African grey
parrots fed two pelleted diets based on coarsely or finely ground ingredients. J Anim Physiol Anim Nutr
(Berl). 2007; 91: 210–216. doi: 10.1111/j.1439-0396.2007.00694.x PMID: 17516942
31. Terpstra K, de Hart N. The estimation of urinary nitrogen and faecal nitrogen in poultry excreta. Z Tier-
physiol Tierernahr Futtermittelk. 1974; 32: 306–320. PMID: 4826439
32. Sales J, Janssens GPJ. The use of markers to determine energy metabolizability and nutrient digestibil-
ity in avian species. Worlds Poult Sci J. 2007; 59: 314–327.
33. Sales J, Janssens GPJ. Methods to determine metabolizable energy and digestibility of feed ingredi-
ents in the domestic pigeon (Columba livia domestica). Poult Sci. 2003; 82: 1457–1461. PMID:
12967260
34. Wiseman J. Feeding of non-ruminant livestock. 1987. pp. 9–13.
35. Brunner E, Domhof S, Langer F. Nonparametric Analysis of Longitudinal Data in Factorial Experiments.
New York: Wiley; 2002.
36. Higgins JJ. Introduction to modern nonparametric statistics. Belmont: Brooks/Cole; 2004.
37. Kabacoff RI. R in action: Data analysis and graphics with R. New York: Manning Publications Co.;
2011.
38. Leeson S, Caston L, Summers JD. Broiler response to diet energy. Poult Sci. 1996; 75: 529–535. doi:
10.3382/ps.0750529 PMID: 8786944
39. Olomu JM, Offiong SA. The Effects of Different Protein and Energy Levels and Time of Change from
Starter to Finisher Ration on the Performance of Broiler Chickens in the Tropics. Poult Sci. 1980; 59:
828–835. PMID: 7375430
40. Harms RH, Russell GB, Sloan DR. Performance of Four Strains of Commercial Layers with Major
Changes in Dietary Energy. J Appl Poult Res. 2000; 9: 535–541.
41. Leeson S, Caston L, Summers JD. Broiler response to energy or energy and protein dilution in the fin-
isher diet. Poult Sci. 1996; 75: 522–528. doi: 10.3382/ps.0750522 PMID: 8786943
42. Havenstein GB, Ferket PR, Scheideler SE, Larson BT. Growth, livability, and feed conversion of 1957
vs 1991 broilers when fed “typical” 1957 and 1991 broiler diets. Poult Sci. 1994; 73: 1785–1794. doi:
10.3382/ps.0731785 PMID: 7877934
43. Grashorn MA. Fattening performance, carcass and meat quality of slow and fast growing broiler strains
under intensive and extensive feeding conditions.\par. XII Eur Poult Conf Verona, Italy, 10- 14Septem-
ber 2006\par B Abstr EtsRomboli, Flock, Fr. 2006; 249\par.
44. Batal AB, Parsons CM. Effects of age on nutrient digestibility in chicks fed different diets. Poult Sci.
2002; 81: 400–407. PMID: 11902418
45. Nitsan Z, Ben-Avraham G, Zoref Z. Growth and development of the digestive organs and some en-
zymes in broiler chicks after hatching. Br Poult Sci. 1991; 32: 515–523. PMID: 1716507
46. Sell JL, Angel CR, Piquer FJ, Mallarino EG. A-BHA. Developmental Patterns of Selected Characteris-
tics of the Gastrointestinal Tract of Young Turkeys. Poult Sci. 1991; 70: 1200–1205. PMID: 1712968
Selection for Growth in Broiler Chickens Decreases Diet Flexibility
PLOS ONE | DOI:10.1371/journal.pone.0127819 June 4, 2015 12 / 13
47. Obst BS, Diamond J, Auk ST, Jul N. Ontogenesis of Intestinal Nutrient Transport in Domestic Chickens
(Gallus gallus) and Its Relation to Growth Ontogenesis of Intestinal Nutrient Transport in Domestic
Chickens (Gallus Gallus) and Its Relation to Growth. 2014;109: 451–464.
48. Uni Z, Noy Y. Post-hatch changes in morphology and function of the small intestines in heavy and light-
strain chicks. Poult Sci. 1995; 74: 1622–1629. PMID: 8559726
49. Jackson S, Diamond J. Metabolic and Digestive Responses to Artificial Selection in Chickens. Evolu-
tion (N Y). 1996; 50: 1638–1650. doi: 10.2307/2410900
50. Proudman JA, MellenWJ. ADL. Utilization of Feed in Fast- and Slow-Growing Lines of Chickens. Poult
Sci. 1970; 49: 961–972.
51. Kras RV, Kessler ADM, Ribeiro AML, Henn JD, Bockor L. Effect of Dietary Fiber, Genetic Strain and
Age on the Digestive Metabolism of Broiler Chickens. Brazilian J Poult Sci. 2013; 15: 83–90.
52. Knudsen KE, Jensen BB, Hansen I. Digestion of polysaccharides and other major components in the
small and large intestine of pigs fed on diets consisting of oat fractions rich in beta-D-glucan. Br J Nutr.
1993; 70: 537–556. doi: 10.1079/BJN19930147 PMID: 8260480
53. Choct G, Annison M. Anti-nutritive effect of wheat pentosans in broiler chickens: Roles of viscosity and
gut microflora. Br Poult Sci. 1992; 33: 821–834. PMID: 1393677
54. Francesch M, Brufau J. Nutritional factors affecting excreta/litter moisture and quality. Worlds Poult Sci
J. 2004; 60: 64–75.
55. Langhout DJ, Schutte JB. Nutritional implications of pectins in chicks in relation to esterification and ori-
gin of pectins. Poult Sci. 1996; 75: 1236–1242. doi: 10.3382/ps.0751236 PMID: 8893300
56. Awuni J. Strategies for the improvement of rural chicken production in Ghana. Parameters Fam Poult
Prod Africa. 2002; Available: http://www-naweb.iaea.org/nafa/aph/public/4-strategies-awuni.pdf
57. Mwalusanya NA, Katule AM, Mutayoba SK, Mtambo MMA, Olsen JE, Minga UM. Productivity of local
chickens under village management conditions. Trop Anim Health Prod. 2002; 34: 405–416. doi: 10.
1023/A:1020048327158 PMID: 12379059
Selection for Growth in Broiler Chickens Decreases Diet Flexibility
PLOS ONE | DOI:10.1371/journal.pone.0127819 June 4, 2015 13 / 13
